The daily mean heat and momentum fluxes at the surface derived from the SSM/I and Japan's GMS radiance measurements are used to study the temporal and spatial variability of the surface energy budgets and their relationship to the sea surface temperature during
Introduction
The westerntropicalPacificis characterized by the highestseasurfacetemperature (SST)andheavyrainfall in the worldocean.A smallvariationof SSTassociated with the eastward shift of the warm pool during EI-Nino/Southern Oscillationeventschangesthe atmospheric circulationpatternandaffectsthe global climate. The changein the SST patternin the warm pool for a time scalelonger than a year is relatedto the ocean dynamicsin thePacificbasin. For a seasonal time scaleandshorter,on the otherhand, the SSTin thewarmpool is determined by the surfacefluxes andthe depthof the ocean mixedlayer,which areaffectedby thevariationsin the surfacewind andclouds.
In a study of the depthof oceanmixedlayerwith a uniform density in the Pacific warmpool, LukasandLindstrom(1991) (Niiler and Stevenson,1982; Enfield, 1986; GodfreyandLinstrom, 1989) .Thus,thechangein the warm pool SST in seasonal time scaleandshorteris primarilydetermined by thenet surfaceheatflux, penetrationof solar radiationthroughthebottom of the mixedlayer, andthe mixed-layerdepth (Andersonet al. 1996; Sui et al. 1997 ).
In recognitionof the importanceof the Pacific warm pool in affecting the global climate,extensivemeasurements werecarriedout during the IntensiveObservingPeriod (IOP),from November1992to February1993,of theTropicalOceanGlobalAtmosphere (Gutzler et al. 1994; Lin and Johnson 1996; Lau and Sui 1997; Sui et al. 1997) . Two envelopes of individual cloud clusters and two low-level westerly wind bursts lasting for about 2-3 weeks were associated with the two MJOs. The super cloud clusters reduce solar heating, while the westerly wind bursts enhance the evaporative cooling.
Both have an important impact on the SST variation of the warm pool.
In a study of the radiation budgets of the Pacific warm pool, Chou et al. (1998) The 10-m specific humidity was derived from the water vapor amount in the entire atmospheric column of Wentz (1994) and the lowest 500-m layer above the surface using the method developed by Chou et al. (1995 Chou et al. ( , 1997 . The latter was retrieved from the SSM/I radiances using the method of Schulz et al. (1993 The surface radiative fluxes computed by Chou et al. (1998) are used in this study. Chou et al. (1998) Anderson, 1996) . Fairall et al. (1996) derivedthe turbulentfluxes directlyfrom the high frequencytemperature, humidity, and wind measurements atthe RV MoanaWaveanddevelopedan aerodynamic bulk scheme for estimatingturbulentfluxesin weakwind andconvectivesituations.This bulk scheme wasappliedtoderivethefluxesatIMET andRV Wecoma. WellerandAnderson(1996) foundthatthesurfacefluxesattheIMET buoy werein good agreement with thoseat the nearbyWecomaandMoanaWave. It is notedthatthe datausedto derivetheempirical relationshipsbetweenthe satelliteradiancemeasurements and the surfaceradiativeflux measurements do not includethe datafrom IMET, MoanaWave, andWecoma. Thus, radiativefluxes measuredat thesethreesurfaceplatformsand those derived from the satellite-measured radiances areindependent andsuitablefor intercomparison.
Collocationvalidation
The surfaceheat and momentumfluxes derived from satellitemeasurements are Anderson(1996) . In Table 1 , the daily SD error denotesthe standard deviationof daily 
the relatively large bias of net
where E is the emissivity of sea surface, G is Stefan-Boltsman constant, and T s is the SST. The emissivity is taken to be 0.97 in computing the net longwave flux at the IMET (Wellerad Anderson 1996) , whereasit is takento be 1 in this study for the satellite- Figures 2d and 3d show the sensible heat flux and sea-air temperature difference averaged over the lOP, respectively. The sensible heat flux is the smallest heat budget component and is equal to 6.9 W m -2 when averaged over the warm pool and the IOP (Table3). It is very small as the sea-airtemperature differenceis very small. The spatialvariability of sensibleheatflux is also very small, due to the offsetting effect betweensea-air temperature differences andwind speeds (Figs. 3b and3d) . The (SST- It can be seen in Fig. 4 The monthly and spatial variability of latent heat flux as shown in Fig. 5 is quite different from that of solar heating. In the southern warm pool, the impact of the two MJOs on the latent heat flux is smaller than the impact on the solar heating. The first westerly wind burst is very strong. Averaged over the southern warm pool, it enhances the 5-day mean latent heat flux by -100 W m "2 during its peak period (see Fig. 9 ).
However, the abrupt increase in the latent heat flux lasts only for 12 days in late December 1992 and early January 1993. The second westerly wind burst is rather weak and is associated with a reduced sea-air humidity difference. The impact on the monthly mean latent heat flux is small, -20 W m 2.
In the northern warm pool, on the other hand, the monthly latent heat flux increases Table   3 ). The large monthly variability of the warm-pool mean latent heat flux is modulated by the trade winds over the northern domain of the warm pool.
Monthly variability of the net surface heat flux is shown in Fig. 6 Anderson et al. 1996) .
The horizontal advection of heat in the warm pool has been found to be very small due to weak SST gradients and currents (Niiler and Stevenson 1982; Enfield 1986; Godfrey and Lindstrom 1989) .
Assuming that the advection of heat and entrainment of cold water are negligible, the heat budget of the mixed-layer may be written as
where h is the mixed-layer depth, 9 is the density of sea water (10 3 kg m3), Cp is the heat capacity of sea water at constant pressure (3.94 x 103 J kg _°C_), OTs/Ot is the rate of change in the SST, and f (h) is the fraction of Fsw penetrating through the depth h.
Using the water "type IA" data of Jerlov (1968), Paulson and Simpson (1977) derived
where y is 0.62, o_ is 1.6 7 m _, and [3 is 0.05 m _. In (3), the solar spectrum at the sea surface is divided into two groups, one corresponding to the ultraviolet and visible region and the other corresponding to the near infrared region.
The weights of the energy contained in these two spectral regions are y and 1-y, and the absorption coefficients of sea water are o_ and ]3, respectively.
Using daily values of _Ts/_t, F,e ,, and Fsw, we solve (1989) and Godfrey et al. (1991) that the mean surface net heat flux into the warm pool is small (<10 W m2). On the other hand, Fig. 7b shows that, except near the southern edge, the warm pool cools during the IOP. The cooling increasesnorthward and reachesa maximum >0.5°C month_.
Averagedoverthe warmpool,theSSTcoolsata rateof 0.14°C month_, which doesnot agreewith a 0.7 W m2 of netheatflux at thesurface.This discrepancy is particularlylarge in the southernwarm pool. For example, the net surfaceheatflux north of New Guinea hasa maximum>40 W m "2, but the SST cools at a rate of 0.3°C month _. This is an indication that much of the solar flux incident at the surface penetrates through the bottom of the mixed layer and is not available for heating the layer. Fig. 8b . The pattern of h follows closely that of aT. In the northern warm pool, h and "1;increase northward. In the southern warm pool, h and 1; are rather uniform. In the vicinity of the IMET buoy, the estimated h is 28 m, which agrees reasonably well with the mean mixed-layer depth of 15 m measured during the IOP (Anderson et al. 1996) .
Averaged over the southern warm pool, the estimated h is 35 m, which also compares well with the mean mixed-layer depth of 29 m measured by Lukas and Lindstrom ( 1991 ) in the equatorial western Pacific.
The similarity between h and "l:indicates that the mixed layer in the warm pool is mainly driven by winds. The results are shown in Fig. 9 for the former and Fig. 10 for the latter. ( ) andSui et al. (1997 .
The SST, surfacefluxes and mixed-layerheatbudgetsshown in Fig. 10 for the northernwarmpool present a very differentpicturefrom thatof the southernwarm pool.
The northeasterly tradewind intensifiedin the middle period of the lOP, 11 December 1992-21January1993 (Fig. 10c) . This seasonal intensificationof the tradewind induces a largeincrease in FLH, but only a slight decrease in Fsw (Fig. 10b) . As a result, the net surfaceheatingF,et decreases significantlywith a minimumof -130 W m2' (Fig. 10d ).
Beforeandafterthis period,Fne , is closeto zero. Consistent with F,_,, the SSTdecreases duringthis periodexcept11-21January1993andremainsnearlyunchanged beforeand afterthis period (Fig. 10a ). This is a resultof deepmixed-layerin the northernwarm Averaged over the warm pool and IOP, the net heating is only 0.7 W m 2. This result is consistent with the studies of Godfrey and Lindstrom (1989) and Godfrey et al. (1991) that the mean surface net heat flux into the warm pool is small. 11/1 ' .
• ' ,
